The effect of different Ni-containing additives on the sintering behavior and electric conductivity of the proton conducting electrolyte BaCe (BYN)-added (all 4 mol%) BCZY5 samples were prepared by the solid state synthesis method and sintered at 1400 o C for 6 h. Among the three samples, the onset of densification was observed at the lowest temperature for NiO-added BCZY5, which is attributed to the formation of an intermediate phase at a low melting temperature. The BYN-added sample, where no consumption of the constitutional elements of the electrolyte was expected during sintering, exhibited the highest electrical conductivity whereas the doped sample had the lowest conductivity. The electrical conductivities at 500 o C under humid argon atmosphere were measured to be 2.0, 4.8, and 6.2 mS·cm
Introduction
atmospheres. Protonic ceramic fuel cells (PCFCs), a new generation of SOFCs using proton conducting electrolytes, are expected to exhibit high performance and stability in the intermediate temperature range, which in turn, could improve the reliability and commercial viability of SOFCs. Hence, extensive research is being conducted to use BCZY as an electrolyte in a ceramic fuel cell. However, the refractory nature of BCZY is the principal hinderance to its practical application; 1 , 2 ) for example, soak times of 10 h or longer at extremely high temperatures in the range 1600-1700 o C are required for the densification of BCZY.
)
Moreover, this high temperature treatment is detrimental to the electrical conductivity of the material because of the evaporation or segregation of constituent elements such as Ba or Y from the interior of the crystal lattice.
Hence, different strategies to improve the sinterability of the electrolyte, including the use of nano-sized electrolyte particles or partially leaving unreacted phases, have been attempted 5 , 6 ) However, despite these modifications, the temperature required for the total densification of the electrolyte is still high and is, therefore, not suitable for cell fabrication under real conditions. For anode-supported SOFCs, because two layers, i.e., thin electrolyte layers on the anode support, are co-fired, higher sintering temperature induces the formation of a substantially over-sintered anode structure as well as introduces defects such as a nonflat anode | electrolyte bilayer and a delaminated interface.
To overcome these disadvantages, transition metal oxides such as CuO, ZnO and NiO are usually used as sintering aids for BCZY electrolyte densification. In principle, two approaches can be considered: Doping a metal oxide into the electrolyte lattice (aMO + BaCe
) and adding an additional amount of metal oxide into the stoichiometric electrolyte (aMO + BaCe
. Wang et al. investigated the two aforementioned approaches and confirmed that in both cases, the densification of BCZYs using the ZnO additive was achieved at a relatively low temperature of 1300 o C.
For the former approach, because the total stoichiometry of the B site in BCZY is fixed to be 1, and in the worst scenario, Ba and Zn in the BCZY lattice are evaporated in stoichiometric amounts in the case when the added Zn is above the solubility limit, no secondary phase is observed regardless of the amount of doping. On the other hand, for the latter approach, with increasing amount of the added metal oxide, the evaporation of Ba from the BCZY lattice is likely to increase owing to the extraction of Ba by Zn, resulting in a secondary phase such as Y . However, while the electrical conductivity of Zn-doped BCZY decreased sharply with increasing amount of added Zn, that of ZnO-A Communication added BCZY was not significantly influenced by the amount of ZnO. Thus, the blocking effect due to the formation of a secondary phase at the grain boundary is not the dominant factor that determines the electrical conductivity of the system. These results imply that the electrolyte composition and the formation of secondary phases are correlated in a complicated way and depend on the manner of addition of the sintering aid, which in turn, significantly affects the electrical properties of the electrolyte. In addition, Liu et al. ) to simultaneously synthesize and sinter BZY.
The proposed mechanism for SSRS includes the formation of the intermediate phase BaY Thus, it is expected that the formation of BaY Regarding the detailed mechanism that induces the enhanced sinterability, note that the intermediate liquid phase and/or a Ba-rich BZY phase is hypothesized to cause the accelerated sintering. A fraction of the inserted Ni is located at the interstitial site in the BZY lattice and is not substituted on the B site, which induces the extraction of Ba from the lattice, resulting in an Ba-excess environment out of the lattice. The literature review presented above suggests that the compositional variation of the electrolyte and the formation of secondary phases are considerably dependent on the type of the sintering aid and the initial composition of the electrolyte, i.e., if it is a stoichiometric electrolyte or the one in which a cation is doped into the B site as a sintering aid. However, an in-depth understanding of the sintering behavior of systems with metal oxide doped or added in excess of stoichiometry as well as the reaction mechanism of the sintering aid is still lacking. Therefore, in this study, we first selected the nature of the sintering aid, which in this case is a Ni-containing species. Moreover, we have studied the differences in sintering behavior between Ni-doped BCZY (BaCe , BYN-BCZY5), to evaluate if there was a deterioration of electrical conductivity and whether its sintering behavior was different from the Ni-doped and NiO-added electrolytes. We believe that our results will guide the selection of the best approach to decrease the sintering temperature while avoiding a decrease in electrical conductivity of the electrolyte.
Experimental Procedure
(BCZY5) was prepared using a conventional solid state reaction method following a procedure described in our previous article. To evaluate the effect of the different types of nickel addition on the sintering behavior of BCZY5, powder samples were prepared where equivalent mole percent of nickel or nickel containing species was added to the BCZY powder: 4 mol% Ni-doped BCZY5 (BCZY5Ni), 4 mol% NiO-added BCZY5 (NiO-BCZY5) and 4 mol% BYN-added BCZY5 (BYN-BCZY5). All the powders were prepared by ball-milling and were then pelletized under a pressure of 100 MPa. The linear shrinkage of the samples was measured using a dilatometer (DIL 402C, NETZSCH, Germany) in the temperature range of 20-1500 A lab-made station was used to measure electrical conductivity. BCZY5Ni, NiO-BCZY5 and BYN-BCZY5 powders were pelletized using a cold isostatic press (CIP) under 200 MPa pressure and sintered at 1400 o C for 6 h. The obtained pellets were cut into rectangular bars (0.5 × 0.5 × 1.4 cm 3 ) and all the sides of the bars were mirror-polished. A platinum wire was attached to the bar form a 4-probe configuration and platinum paste was brush-painted at the end of each side to promote electrical contact (the distance between the voltage probes was 0.8 cm). For comparison, BCZY5 and BYN pellets were prepared by sintering at 1700 Pa) using a current source (KE6220,
Keithley, USA) and an electrometer (KE6154, Keithley, USA). The microstructure was investigated using a scanning electron microscope (SEM, Inspect F50, FEI).
Results and Discussion
With regard to Ni-doped BCZY5, we investigated whether Ni is indeed doped in BCZY5 lattice, and how it accelerates the formation of the BCZY5 phase. Fig. 1 
)
The peak around 1150 o C corresponds to the decomposition of BaCO is no longer present whereas, new peaks appear at ~1100 o C. This behavior is also observed during solid state reactive sintering (SSRS) of BZY with NiO, and in this case, the signal is attributed to the formation of cubic perovskite phase. Therefore, we conclude that BCZY5 and BCZY5Ni are formed directly from the BaCO 3 phase, and not from BaO that is formed by the decomposition of BaCO
3
. Surprisingly, although BCZY5 and BCZY5Ni show almost identical TG and DSC profiles except in the temperature range 900-1000 o C, the electrolyte phase in BCZY5Ni is formed at a lower temperature. Figure 2 shows the diffraction patterns of BCZY5 and BCZY5Ni after calcination. When compared to BCZY5 without Ni, a single phase of BCZY5Ni was relatively easy to be formed: monophasic BCZY5 is obtained only by a two-step process consisting of a first calcination step at 1300 o C followed by a second calcination at 1400 o C. In contrast, a single phase of BCZY5Ni can be obtained in a single step calcination at 1300 o C for 5 h. Thus, there are two possible ways to promote the formation of a single phase. The first is by obtaining a new perovskite phase composed of BCZY5 and Ni as the dopant, i.e., BCZY5Ni, which is easily formed at a lower temperature than pure BCZY5. The second is through intermediates, e.g., BaNiO (BYN), which are generated in the presence of Ni at a lower temperature than the calcination temperature of 1300 o C, which then accelerate the formation of BCZY5 phase and are subsequently incorporated into the BCZY5 lattice. Since any secondary or residual phases were not detected in the XRD patterns, it is inferred that Ni enters the BCZY5 lattice as a dopant. Rietveld refinement showed a change in lattice parameter due to Ni doping in BCZY5Ni (shown in Table 1 ). Figure 3 represents the linear shrinkage curves of BCZY5 samples with Ni additives of various types, i.e., doping 4 mol% Ni into the Zr site in BCZY5 (BCZY5Ni), addition of 4 mol% NiO (NiO-BCZY5) and BYN (BYN-BCZY5) in stoi- chiometric BCZY5. The shrinkage curve for BCZY5 is also plotted for comparison. As can be seen from the final shrinkage rate, BCZY5 without Ni shows < 10% shrinkage at 1500 o C, whereas the three samples with Ni show > 20% shrinkage. In particular, the shrinkage of NiO-BCZY5 started at the lowest temperature, while that of BYN-BCZY5 lagged behind. The working mechanism of Ni added as a sintering aid has been reported to be according to the following reactions: (BYN), and these phases promote densification by rearranging particle packing or enhancing element diffusion at the grain boundary. Thus, the reason for the difference in sintering behavior between NiO-BCZY5 and BYN-BCZY5 is presumably related to whether or not the BN phase with a lower melting point (1240 o C) is formed prior to the formation of BYN. As compared to BN, BYN has a relatively high melting point 
95
(1450 o C), as a result of which, densification starts at a higher temperature. However, BYN-added BCZY5 is expected that a deterioration in electrical conductivity is suppressed because of the absence of a reaction with the electrolyte.
In the case of BCZY5Ni, the observed shrinkage curve is in between the Ni-added results, below 1400 o C. Guo et al., explained the effect of sintering aid addition on the sintering behavior of BCZY. 1 
)
As shown above for NiO-BCZY5 and BYN-BCZY5, when a sintering aid is added to the BCZY matrix, an intermediate phase having a low melting point is formed through reaction with Y and/or Ba, which promotes densification. When the sintering additive is added to the BCZY lattice as a dopant, sintering is promoted due to the formation of a dopant-containing perovskite, which in turn, has a lower sintering temperature. The reaction of the dopant in the NiO-BCZY5 system can be represented by the following equation (3):
However, a recent report has indicated that the solubility of NiO in the perovskite is limited to < 1 at.% and the dopant is likely to be located at the interstitial sites rather than in the lattice. Thus, the observation that the shrinkage curve of BCZY5Ni differs from that of NiO-BCZY5 can be explained to be due to the different ways by which the sintering aid promotes densification. This difference in sintering mechanism is evident not only in sintering behavior but also in the corresponding microstructures. Fig. 4 shows the cross-sectional SEM image of BCZY5 sintered at 1400 o C for 6 h with addition of the sintering aid. For NiO (Fig. 4(c) ) and BYN (Fig. 4(d) ), dense microstructures were observed even at temperatures that were 300 o C lower than the sintering temperature of BCZY5 without Ni. Moreover, from XRD analysis results, residues located at the grain boundary in SEM images could be assigned to the sintering aids, NiO and BYN (Fig. 5) . The difference in sintering behavior caused by the melting point difference between BaNiO x and BYN also induces a difference in grain size. NiO-BCZY5 showed grain sizes in the 3~5 μm range, which is equivalent to that of BCZY5 sintered 1700 o C, while the grain size of BYN-BCZY5 remains at 2 μm. For proton-conducting materials, a large grain size is preferred, because it can minimize the grain boundary resistance. Therefore, if BaNiO x with a low melting point is applied as a sintering additive instead of BYN, large grains can be obtained, while at the same time avoiding consumption of the elements in the electrolyte.
BCZY5Ni showed a grain size similar to that of NiO-BCZY5, but the presence of a liquid-like phase was observed in a few grains. There are two possible explanations for this phenomenon. One is that the intermediates such as BaNiO x are generated from BCZY5Ni, which accelerate sintering and subsequently evaporate or dissolve into the matrix during the sintering process. A similar phenomenon involving pore formation induced by the vaporization of barium and a transition metal has been reported in Zn-doped BCZY; this behavior intensified as the amount of the transition metal dopant was increased.
The other explanation is that the intermediate phase, which remains stable during the synthesis of BCZY5Ni, evaporates or dissolves into the matrix during sintering. XRD patterns of BCZY5Ni in (Table 1) show that the lattice constant of BCZY5Ni is increased from reference value unlike the other three samples The lattice constant is expected to decrease when smaller sized Ni (0.69 Å) substitutes for the larger Zr (0.72 Å), but it has been reported that the BCZY lattice is expanded when a small amount of transient metal is doped. This could be due to the non-random distribution of the doped transition metal in the lattice. BO 6 octahedra substituted by the transient metal are preferentially surrounded by YO 6 octahedra to compensate for the higher electronegativity of the transition metal, which leads to an increase in the lattice constant. Therefore, it can be assumed that the liquid-like microstructure of BCZY5Ni shown in Fig. 5 is most probably due to the evaporation or dissolution during sintering, of the sintering accelerator generated from the BCZY5Ni matrix.
Figure 6(a) shows the results of electrical conductivity measurements on sintered samples. The measurement was conducted in humidified argon atmosphere because under these conditions, a proton defect is generated by a hydration reaction in which, an oxygen vacancy is occupied by water vapor. BCZY5 without the sintering additive showed the highest electrical conductivity, followed by BYN-BCZY5, NiO-BCZY5 and BCZY5Ni. The activation energies of BCZY5, BYN-BCZY5, NiO-BCZY5 and BCZY5Ni were, respectively, 0.23 eV, 0.25 eV, 0.29 eV and 0.39 eV in the intermediate temperature range. It is interesting to note that BYN-BCZY5 showed a higher electrical conductivity than NiO-BCZY5, but this was only a slight increase, even though there was no deficiency of Ba or Y in the electrolyte, which has a detrimental effect on the conductivity. This is probably due to the decrease in grain boundary resistance resulting from an increase of grain size of the NiO-BCZY5 sample, which compensates for the reduction in electrical conductivity induced by the consumption of the constituent elements in the electrolyte; as a result, the observed conductivity is similar to that of BYN-BCZY5. In addition, both methods leave residual NiO or BYN phases at the grain boundaries, which may serve as blocking layers for proton transport. Fig. 6(b) shows the electrical conductivity of BYN under humidified/dry air/argon atmosphere. Since the conductivities under humidified and dry atmospheres do not show a significant difference, it is inferred that BYN at the grain boundaries may serve as a blocking layer for proton transport. Furthermore, it has been reported that Sr-substituted BYN is an oxygen ion conductor. Fig. 6(a) shows that the lowest electrical conductivity was observed for BCZY5Ni. For example, the electrical conductivity of BCZY5Ni is one order of magnitude lower than that of BCZY5 at 500 o C. This is expected to be solely due to the effect of Ni doping, since adequate grain growth of BCZY5Ni occurred (Fig. 4) and secondary phases were not observed in the XRD pattern (Fig. 5) . Concerning the effect of Ni doping on the electrical conductivity of BCZY, it has been reported that addition of 1-2 mol% of a sintering aid strongly reduces the grain and grain boundary electrical conductivity. In summary, the sintering behavior, microstructure, and electrical properties of Ni-doped (BCZY5Ni), NiO-added (NiO-BCZY5), and BYN-added (BYN-BCZY5) electrolytes have been investigated. In the case of doping, it is most probable that an intermediate phase is generated from the BCZY5Ni matrix during sintering, which subsequently evaporates or dissolves into the matrix. In the case where NiO is added externally, elemental Y and/or Ba are extracted from the BCZY5 lattice to form the BN and/or BYN phases via reaction with a fraction of the added NiO. The remaining NiO is localized at the grain boundary region after sintering. In the case of externally added BYN, it is expected that there is no deficiency of Ba or Y in the electrolyte, and the BYN phase remains at the grain boundary after sintering. The presence of residues and element deficiency of the electrolyte affect its electrical properties: Among these effects, Ni doping in the electrolyte results has the greatest deleterious effect. Elemental deficiency induced by NiO is next, followed by the effect of Ni-doping. BYN addition also results in a decrease in conductivity probably owing to the presence of BYN residue at the grain boundary and the higher grain boundary density. Nevertheless, among the range of methods currently available, external addition of BYN is the best approach to decrease the sintering temperature while minimizing the decrease in electrical conductivity.
Conclusions
The changes in electrical conductivity and sintering behavior of BaCe o C were all above 95%. As compared to NiO addition (NiO-BCZY5) and Ni doping (BCZY5Ni), NiO addition was confirmed to be more beneficial to achieve the accelerated densification of BCZY5. The electrical conductivities of the un-doped BCZY5s (NiO-BCZY5 and BYN-BCZY5) were similar to that of pristine BCZY5. In addition, BYN-BCZY5 showed the highest electrical conductivity by avoiding the consumption of elements such as Ba and Y in BCZY5. 
